A series of fundamental experimental investigation was conducted in order to examine the effect of PWHT by sheet-type ceramic heater on the residual stress, deformation and compressive behavior of non-stiffened welded box columns. The sheet-type ceramic heater was able to control the required temperature history for PWHT with high accuracy. The welding-induced tensile and compressive residual stresses of the specimens were reduced by 90% and 76% respectively with PWHT. Besides, PWHT could reduce the welding-induced out-of-plane deformation by 22%. It was revealed that the PWHT specimens had a slight higher stiffness than the As-welded specimens when applying monotonic static compressive load on both As-welded and PWHT specimens. They could also enhance the ultimate compressive load capacity about 32% of that of the As-welded specimens. The effectiveness of PWHT with the sheet-type ceramic heater could be confirmed.
Introduction
Welded open sections and closed sections have been generally used in steel buildings and bridge constructions due to a limitation of size availability in the rolled shaped sections. The welded box sections are extensively used for the structural members such as columns in the buildings and arch ribs in the steel bridges to resist the compressive load. Since steel plates are assembled to create the box sections, extensive welding is inevitably required. In addition to the new fabrication, welding is prevalently adopted for repair works on the existing steel structures. For example, in the aging steel structures especially steel bridges, damage and deterioration have been reported because of fatigue cracks and corrosion [1] [2] [3] . These two factors have an adverse effect on the performance of the members since fatigue cracks are the main cause of fatigue failure while corrosion reduces the sectional area of the members, resulting in failure due to strength reduction of the members. Consequently, the additional members for the repair works are joined with high strength bolts due to the quality assurance.
However, bolts subject the weight increase to the structures and drilling to base metal is required. Besides, bolts are difficult to work for the narrow parts and complicated portions. Thus, welding is strongly expected as an alternative joining method for the repair works.
During the welding process, the changes in properties of the base metal are introduced due to heat input while thermal stresses and strains are produced because of the different cooling rates at the different locations of the base metal.
Due to the thermal contraction during cooling stage, tensile residual stresses are induced at the weld vicinity and the heat affected zone (HAZ) whereas balancing compressive residual stresses are observed away from the weld line. The tensile residual stresses deteriorate the fatigue strength while the balancing compressive residual stresses deplete the load-carrying capacity of the members when the compressive loads are applied to the welded members. Generally, the welded box sections are composed of thin plates, consequently, distortions are generated due to the welding, resulting in imperfection to the members and affecting the stiffness and strength of the members. Hence, it is of priority concern to evaluate and alleviate the welding-induced residual stresses and distortions [4] - [12] .
It is well known that the reduction of the welding-induced residual stresses is effective for ensuring and enhancing the structural performances such as fatigue durability and load-carrying capacity of the steel members. Therefore, several kinds of residual stress reduction methods have been proposed. For example, shot peening on the weld toe generates compressive stress field locally and it is effective for improving the fatigue strength of the welded joints [13] . On the other hand, stress release annealing known as post-weld heat treatment (PWHT) is helpful for reducing the whole residual stress in the member.
PWHT is generally employed for pressure vessels and pipelines, and is rarely applied to the civil engineering structures as steel bridges since it is commonly carried out in the factory with the large scale electric and flame furnaces by putting the whole members into them to provide the heat treatment. Wang and Qin [14] conducted the experimental investigation on the thin-walled welded H-sections to examine the effect of PWHT on the residual stress by employing the electric furnace while PWHT was applied to the high strength welded connections by utilizing the laboratory heating furnace [15] . Besides, some researchers have been conducted to evaluate the effect of PWHT on the residual stresses in the steel plates and welded joints [16] [17] [18] [19] . However, there is World Journal of Engineering and Technology a need for an alternative heat source when it is not possible to apply PWHT with the furnaces for the repair works at the existing steel bridge structures.
Then, the sheet-type ceramic heater has been noted as a portable heat source for PWHT because it can be applicable for the localized heat treatment in the existing structures. An application of sheet-type ceramic heaters on the welded steel plates and steel deck was realized for the purpose of improvement of fatigue performance by relaxing the residual stresses [20] [21] [22] .
The heat source chosen for this study was intended for a future application in the localized heat treatments and repair works for the existing steel bridges and the complicated structures. Besides, the heat source must be applicable at the sites for both new and existing structures. On top of that, the heat source must be able to control the required temperature history with high accuracy. The sheet-type ceramic heater used in this study is expected to satisfy the aforementioned conditions. A fundamental experimental investigation was conducted in order to examine the effect of PWHT by the sheet-type ceramic heater on the residual stresses, the deformation and compressive behavior of the non-stiffened welded box columns in this study.
Experiment

Test Specimens
In this study, six identical stub columns were fabricated from JIS G3101 SS400 steel plates. Their walls were 4.5 mm thick, and top and bottom cover plates were 12 mm thick. The shape and dimensions of the specimens were shown in Chemical compositions of the base metal and welding wire for the specimens are presented in Table 1 in which the welding wire compositions were based on the catalogue value. In this experiment, CO 2 semi-automatic welding was performed with the current of 120 A, the voltage of 20 V and the average welding speed of Then, all specimens were put into an electric furnace to relax the residual stresses at the top and bottom cover plate connections. After the stress relaxation, the final longitudinal welding was performed with the continuous fillet welding to the wall plates in order to create the welded steel box columns.
Post-Weld Heat Treatment
Three numbers of As-welded (AW) specimens were used as benchmarks and post-weld heat treatment (PWHT) was applied on another three specimens. It was assumed that normal ready-fabricated furnaces sometimes could not be ap- shape, and easily applied to the welded portions having the complicated shapes.
On top of that, it is highly safe in work since no fire flame is used like gas burner, and very good in workability. A steel case was prepared for setting the ceramic heater to encompass all panels of the box columns. Heat insulating materials were accommodated in all sides and top and bottom of the steel case in order to keep the heat for the specimens during applying PWHT. Thermocouples were attached to the outside and inside faces of the specimens to measure the temperature history during PWHT and to examine the temperature distribution through the thickness ( Figure 3 ). The specimens were put into the case individually, then the sheet-type ceramic heaters were placed to the outside face of each panel of the specimens, eventually PWHT was performed according to JIS standard specification via the ceramic heater by operating a temperature control device. 
Out-of-Plane Deformation Measurement
Before commencement of the loading test, out-of-plane deformations before and after PWHT were measured in order to investigate the effect of PWHT on welding-induced deformation. The out-of-plane deformation measurement was conducted manually at each panel of the specimen by using a depth gage set on a steel frame as a reference surface. The deformations were plotted along the centerline of all panels in the longitudinal direction. It was found that the modes of deformation generated by welding before and after PWHT were similar, but PWHT slightly reduced the welding-induced deformations ( Figure 5 ). The maximum average deformations of the AW and PWHT specimens are shown in 
Vickers Hardness Test
Vickers hardness test was conducted on the welded parts of the AW and PWHT specimens in order to verify whether PWHT was performed successfully. The 
Tensile Test
Three numbers of coupons were cut from the wall panels of each of the AW and PWHT specimens in order to investigate the changes of mechanical properties by PWHT. The nominal stress versus strain curves from a tensile test are depicted in Figure 7 . While the average yield stresses for both AW and PWHT specimens were almost the same, the tensile strength of the PWHT specimens was slightly lower than that of the AW specimens. Mechanical properties of the AW and PWHT specimens resulted from the tensile test are summarized in Table 4 . Same modulus of elasticity (201 GPa) was observed in both AW and PWHT specimens and their elongations were 31% and 34% respectively. Therefore, it was pointed out that there were no significant changes in mechanical properties by PWHT.
Residual Stress Measurement by X-Ray Diffraction Method
Residual stresses of the AW and PWHT specimens were measured by applying X-ray diffraction method (XRD) and XRD measurement points are shown in Figure 8 . The accuracy of XRD method depends on the surface smoothness and the grain sizes, and it is unlikely to measure at the welded points. Thus, XRD measurement was conducted 30 mm away from the mid-height of the specimens in order to avoid the welded points of the thermocouples. 
Monotonic Static Compressive Loading Test
Critical Load Calculation
Before conducting a monotonic static compressive loading test, slenderness parameter of steel panels was calculated first by using Equation (1) from [24] , subsequently Equation (2) was applied to predict the critical load of specimens. After computing the critical load, preparation for the monotonic static compressive loading test was carried out as shown in Figure 11 . The vertical displacement transducers were placed at the two corners to measure the axial short- 
Axial Load and Shortening
The compressive behavior of the specimens with and without PWHT was evaluated by means of the load-carrying capacity with respect to the axial shortening and lateral displacement. Summary of the ultimate load of the AW and PWHT specimens are presented in Table 5 . The PWHT specimens could achieve closely with the predicted critical load (1092 kN). Figure 12 represents the axial load versus axial shortening curves. With increasing the applied load, the axial shortening was increased linearly until buckling occurred. An abrupt decrease in load was found in the PWHT specimens after the peak load whereas the AW specimens experienced a gradual decrease in the load until the failure occurred. It was also observed that the PWHT specimens increased slightly their stiffness compared to the AW specimens since the out-of-plane deformations of the PWHT specimens due to the welding process were lower than those of the AW specimens.
It was obvious that the ultimate strength of the PWHT specimens were significantly higher than that of the AW specimens and much more closed to the predicted critical load. The ultimate strength for the PWHT specimens ranged from 952 kN to 1052 kN while the AW specimens achieved about from 772 kN to 790 kN. Thus, it was clearly revealed that the PWHT specimens could increase the ultimate strength about 32% compared with the AW specimens. The reason might be that PWHT with the sheet-type ceramic heater released not only the tensile residual stresses but also the compressive residual stresses due to welding of the specimen and this phenomenon tended to delay the yielding of the specimen under compressive load. 
Axial Load and Lateral Displacement
Lateral displacements under the compressive load were measured at the center point of the specimens with the lateral displacement transducers in order to examine the buckling mode of the specimens. Comparisons of lateral displacements between the AW and PWHT specimens are depicted in Figure 13 . From the figure, it can be clearly seen that all AW and PWHT specimens buckled after yielding has occurred. Lateral deformations in both AW and PWHT specimens were almost zero until the applied load of 600 kN for the AW specimens and 800 kN for the PWHT specimens respectively. However, after peak load, lateral displacements for all AW and PWHT specimens abruptly increased.
The AW and PWHT specimens produced the same direction of buckling mode under the compressive load. However, the AW specimens underwent buckling at the earlier load stage than the PWHT specimens. It might be because the out-of-plane deformation and the residual stresses induced by welding in AW specimens were higher than those in the PWHT specimens. It was observed that the panel A and C deformed the outward direction while the panel B and D deformed the inward direction as illustrated in Figure 14 .
Conclusions
In this research, a series of fundamental experimental investigation was conducted in order to examine the effect of PWHT by the sheet-type ceramic heater on the residual stresses, deformation and compressive behaviors of the non-stiffened welded box columns. The main findings of this study are summarized as follows:
1) Even though the sheet-type ceramic heaters were applied the outside faces of the specimens, the heaters provided the same temperature to both contact and non-contact faces of the panels. Therefore, it was proved that the sheet-type ceramic heater was able to control the required temperature history for the PWHT with high accuracy.
2) Not only tensile residual stresses but also compressive residual stresses reduced significantly by PWHT with the sheet-type ceramic heater. The tensile and compressive residual stresses of the PWHT specimens were 90% and 76%
respectively lower than those of the AW specimens.
3) PWHT could reduce the welding-induced deformation, i.e., the out-of-plane deformation after PWHT was reduced about 22% compared to that before PWHT. Therefore, the PWHT specimens revealed a slight higher stiffness than the AW specimens when applying the monotonic static compressive load on both AW and PWHT specimens. Furthermore, the load level when the lateral deformations of the PWHT specimens increased was much higher than the load level when the AW specimens started to be buckled laterally.
4) The PWHT specimens provided significantly the higher ultimate compressive load capacity compared to the AW specimens and they could achieve closely to the predicted critical load. Moreover, they could enhance the ultimate load capacity about 32% of the AW specimens.
From this fundamental investigation, it was confirmed that PWHT with sheet-type ceramic heater contributed the substantial improvement to not only the compressive behavior but also the residual stresses and distortion of the welded members. In future, we aim to extend further investigations on the actual larger sizes of the bridge members or more complicated structures.
